Abstract-To enable multiple mobile users to transmit their signals simultaneously over the same sub-channels, the virtual multiple-input multiple-output (V-MIMO) techniques can exploit the multiple-input multiple-output (MIMO) spectrum efficiency gain. Traditional V-MIMO transmission schemes mainly focus on maximizing the throughput of grouped mobile users without taking into account the quality-of-service (QoS) provisionings. In this paper, we propose the optimal power allocation schemes with statistical QoS provisionings to maximize the effective capacity of non-collaborative/collaborative V-MIMO wireless networks, respectively. For non-collaborative V-MIMO wireless networks, the mobile users in one V-MIMO group transmit signals independently over the same sub-channels. In the view point of existing mobile users, they solely occupy the sub-channels. Thus, the existing mobile users employ the QoS-driven single-user power allocation scheme to maximize their effective capacity. By converting the non-collaborative V-MIMO transmission optimization problem into a strictly convex optimization problem, we derive the QoS-driven power allocation scheme for the newly added mobile users to maximize their effective capacity. For collaborative V-MIMO wireless networks where the mobile users in one group can collaboratively transmit their signals, we derive the QoS-driven collaborative power allocation schemes for both the existing and the newly added mobile users. Also conducted is a set of simulation evaluations, showing that our proposed power allocation schemes for V-MIMO wireless networks outperform the other existing schemes.
I. INTRODUCTION
D URING the past two decades, multiple-input multipleoutput (MIMO) techniques have been widely demonstrated to achieve the high spectrum efficiency for wireless communications [1] - [6] . By using spatial multiplexing, the throughput of a MIMO system can linearly increase with the minimum value between the number of transmit antennas and the number of receive antennas [7] . However, due to the size and cost limitation, multiple antennas are difficult to implement and usually only one or two antennas should be more practical to be equipped in the mobile users [8] . 1 Thus, although multiple receive antennas can be equipped at the base station (BS), the throughput of the channel between the user and the BS is constrained by the antennas equipped in the user. Therefore, without loss of generality, we assume that the mobile user is equipped with one transmit antenna.
The aforementioned difficulties can be overcome by allowing two or more single-antenna users to independently transmit data in the same sub-channels [9] , which are implemented by the same frequency bands and time-slots. This implies that when one user starts to use some sub-channels, another one or more than one user can also use the same sub-channels to transmit their data. The users using the same sub-channels are grouped to transmit data to the BS. From the view point of the BS, it seems that the BS receives data from one user equipped with multiple transmit antennas under spatial multiplexing transmission mode. If the number of receive antennas on the BS is equal to or larger than the number of transmitting single-antenna users, the multiple data flows from different single-antenna users can be decoded at the BS. This kind of transmission is called as the virtual-MIMO (V-MIMO) transmission in the uplink [10] - [12] . For current popular V-MIMO wireless cellular networks, such as the V-MIMO in Long Term Evolution (LTE), there is no collaboration among mobile users. For future V-MIMO wireless networks, collaboration among multi-mobile users can be possible.
Existing V-MIMO transmission schemes are designed to maximize the total throughput of the grouped users [8] , [10] , [13] - [15] . Any user in one group has the same priority to use the licensed sub-channels which were assigned to the existing single-antenna user. This is unfair for the existing user in the group because the throughput corresponding to the existing user may be less than its throughput requirement due to the interference from the newly added users. To make it more fair for the existing user, when we design the V-MIMO transmission scheme, the required throughput for the existing user needs to be satisfied. Thus, we need to classify the users in one group into two categories: the existing user and the newly added users. Without using V-MIMO, the existing user occupies the licensed sub-channels alone. Using V-MIMO, the existing and the newly added users are grouped to transmit their data via the same sub-channels simultaneously.
Notice that for both non-collaborative and collaborative V-MIMO transmissions, our schemes differ from the schemes of MIMO transmissions with per-antenna power constraints [16] - [18] in the following aspects. On one hand, in non-collaborative V-MIMO transmission, users are distributed in the wireless networks and have their own data to independently transmit to the BS, respectively. Therefore, the BS needs to distinguish the data from different users for V-MIMO transmission. However, for MIMO transmission with per-antenna power constraints where all antennas are equipped on the same user. Thus, the data among different antennas can be jointly coded at the transmitter and sent to the receiver (BS) which may further increase the throughput of MIMO transmission as compared with that of the V-MIMO transmission. On the other hand, if applying collaborative scheme in V-MIMO transmission, the channels' states among different users need to be estimated, which may cause the extra costs in time frame or bandwidth. However, for MIMO transmission, since all antennas are on the same user, there is no need to estimate the channels' states among all antennas.
In addition, due to the nature of the time-varying channels, the deterministic quality-of-service (QoS) is usually difficult to guarantee for real-time transmission in wireless networks. Consequently, the statistical QoS guarantee, in terms of QoS exponent and effective capacity, has become an important alternative to support real-time wireless communications in wireless networks [19] - [23] . Effective capacity is defined as the maximum constant arrival rate which can be supported by the service rate to guarantee the specified QoS exponent θ. The effective capacity characterizes the system throughput with different delay-QoS requirements [24] , [25] . For realtime traffic such as video conference, a stringent delay-bound needs to be guaranteed and the effective capacity turns to be the outage capacity. On the other hand, the non-real-time traffic such as data disseminations demands high throughput while a loose delay constraint is imposed and the effective capacity turns to be the ergodic capacity. Existing works on V-MIMO mainly consider the non-real-time traffic where the delay constraint is very loose [8] , [10] , [13] , [14] , [26] - [28] . The drafts proposed in [8] , [10] , [14] focus on maximizing the ergodic capacity of V-MIMO wireless networks. The authors in [13] analyze the user-pairing algorithms for the non-realtime traffic. The power allocation developed in [26] is also applicable to the non-real-time traffic. For different applied scenarios, the V-MIMO transmission for wireless sensor and relay networks are proposed in [27] and [28] , respectively, for the non-real-time traffic. Unlike all the above mentioned earlier works, to support QoS provisionings for V-MIMO wireless networks, in this paper we propose the new V-MIMO schemes by taking the statistical QoS guarantees into account. In addition, how to implement and evaluate the QoS provisiongings schemes for V-MIMO wireless networks has not been well understood neither thoroughly studied in the previous works.
To overcome the above problems, in this paper we propose the optimal power allocation schemes to support statistical QoS provisiongings for non-collaborative/collaborative V-MIMO wireless networks, 2 respectively. Our goal is to maximize the effective capacity of newly added users while guaranteeing the effective capacity of existing users. For noncollaborative V-MIMO wireless networks, by using power control for the newly added users, we confine the newly added users' interference on the existing user to an acceptable level to guarantee the effective capacity requirement of the existing user. We formulate the optimization problem for QoSguaranteed non-collaborative V-MIMO and convert it to a convex optimization problem to maximize the effective capacity of newly added users while guaranteeing the effective capacity of existing users. Then, solving the optimization problem for QoS-guaranteed non-collaborative V-MIMO, we derive the QoS-driven power allocation scheme for newly added users. For half-duplex and full-duplex collaborative V-MIMO wireless networks, 3 we formulate the optimization problems for QoS-guaranteed collaborative V-MIMO as strictly convex optimization problems. To this end, we propose the QoSdriven power allocation schemes for both the existing and the newly added users to maximize the effective capacity of newly added users while guaranteeing the effective capacity of existing users. For both the QoS-guaranteed non-collaborative and collaborative V-MIMO wireless networks, we conduct simulations experiments to evaluate our proposed power allocation schemes.
The rest of this paper is organized as follows. Section II describes the system model, where we design the QoSguaranteed V-MIMO transmission scheme and detail the operations for non-collaborative/collaborative V-MIMO transmission. Section III formulates the optimization problem for QoSguaranteed non-collaborative V-MIMO and develops the QoSdriven power allocation scheme for the newly added users. Section IV formulates the optimization problems for QoSguaranteed wireless half-duplex and full-duplex collaborative V-MIMO and develops the QoS-driven collaborative power allocation schemes for both the existing and the newly added users. Section V conducts simulation results to evaluate our proposed power allocation schemes for the QoS-guaranteed non-collaborative and the QoS-guaranteed collaborative V-MIMO wireless networks. The paper concludes with Section VI. 
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Notations. For the convenience of presentation, we use Table I to summarize the main notations and variables used in this paper. Also, HD and FD refer to half-duplex and fullduplex, respectively.
II. SYSTEM MODEL
We consider the generic V-MIMO uplink transmissions scenario depicted in Fig. 1 , where the existing user (Mobile User 1) and the newly added user (Mobile User 2) are grouped to transmit their data to the BS equipped with N receive antennas B n (1 ≤ n ≤ N ). The existing and newly added users equipped with transmit antennas A 1 and A 2 , respectively, share the same sub-channels. In this paper, we mainly focus on the scenario where only two users share the same sub-channels, which can be applied to many practical wireless communication scenarios. For instance, in 3GPP LTE the configuration of uplink V-MIMO is 2Tx, 2Rx (two transmit antennas at two single-antenna users and 2 receive antennas at the BS) [14] . However, our proposed schemes can be also extended to more than two users V-MIMO transmission scenario as long as the total number of equipped receive antennas at the BS is larger than or equal to the number of single-antenna users. Correspondingly, in Sections III-C and IV-D we also formulate the optimization problem to derive the optimal power allocations for the three users noncollaborative/collaborative V-MIMO transmission scheme, respectively.
We denote the power gains of the channels from User 1 to the BS and from User 2 to the BS by γ 1 = |h 1 | 2 and γ 2 = |h 2 | 2 , respectively, where h 1 and h 2 denote the amplitude gains corresponding to the channels from User 1 to the BS and from User 2 to the BS, respectively. We assume that the channel between User 1 and User 2 is reciprocal and denote the power gain of this channel by γ 3 = |h 3 | 2 , where |h 3 | is the corresponding channel's amplitude gain between User 1 and User 2. If User 1 and User 2 have no ideal information of h 3 , they employ the non-collaborative V-MIMO. While User 1 and User 2 can get the information about h 3 , they use the collaborative V-MIMO. We assume a flat fading channel model [29] , [30] . All channel power gains follow the stationary block fading model, where they remain unchanged during a time frame with the fixed length T , but vary independently across different time frames. The frame duration T is assumed to be less than the fading coherence time, but sufficiently long so that the information-theoretic assumption of infinite code-block length is meaningful. We set the system bandwidth to B, which may consist of several subchannels. The transmit power of each V-MIMO user is limited by the average and peak power constraints.
A. Statistical Delay-Bound QoS Provisionings for the V-MIMO Transmission
For the uplink transmission, User 1 has its own data to be transmitted to the BS. To increase the degrees of freedom and the multiplexing gain, User 2 uses the same sub-channels (the same frequency bands and time-slots) as User 1 to formulate the virtual antenna arrays with User 1. User 1 and User 2 share the same sub-channels, thus causing cross-interference between each other in V-MIMO transmission. Conventional V-MIMO transmission mode treats User 1 and User 2 as a group and both of them have the same priority to transmit their data. However, the interference caused by User 2 to User 1 may reduce the implemented throughput of User 1 to the level lower than the throughput requirement of User 1. Thus, when we design the V-MIMO transmission, we need to guarantee the effective capacity QoS requirements for User 1, which are elaborated on in more details as follows.
Based on large deviation principle, the author of [31] showed that with sufficient conditions, the queue length process Q(t) converges in distribution to a random variable Q(∞) such that
where Q th is the queue length bound and the parameter θ > 0 is a real-valued number. The parameter θ, which is called the QoS exponent, indicates the exponential decay rate of the delay-bound QoS violation probabilities. A larger θ corresponds to a faster decay rate, which implies that the system can provide a more stringent QoS requirement. A smaller θ leads to a slower decay rate, which implies a looser QoS requirement. Asymptotically, when θ → ∞, this implies that the system cannot tolerate any delay, which corresponds to the very stringent QoS constraint. On the other hand, when θ → 0, the system can tolerate an arbitrarily long delay, which corresponds to the very loose QoS constraint. The QoS exponent θ specified by Eq. (1) characterizes the delay-QoS requirement of the V-MIMO wireless networks. Since there may be different traffics with various delay-QoS requirements in V-MIMO wireless networks, we can provide a general scheme for any θ varying from 0 to ∞, reflecting the variation from the very loose QoS constraint to the very stringent QoS constraint. The sequence {R [k] , k = 1, 2, ...} is defined as the data service-rate, which is a discrete-time stationary and ergodic stochastic process. The parameter k represents the time frame index with a fixed time-duration equal to T . The R[k] changes from frame to frame and
represents the partial sum of the service process. The Gartner-Ellis limit of
, is a convex function differentiable for all real-valued θ, where E{·} denotes the expectation. Inspired by the principle of effective bandwidth [32] , the authors in [19] defined effective capacity as the maximum constant arrival rate which can be supported by the service rate to guarantee the specified QoS exponent θ. If the service-rate sequence R[k] is stationary and time uncorrelated, the effective capacity can be written as [21] 
Due to the privilege of the existing mobile user (User 1), in our QoS-guaranteed V-MIMO transmission mode we need to guarantee the effective capacity QoS requirements for User 1.
We denote the applied traffic load of User 1 by C 1 . Then, the effective capacity of User 1, denoted by C 1 (θ), needs to satisfy the following equation
For simplicity, we assume that the delay-bound QoS exponent of User 2 is the same as that of User 1. Our purpose is to maximize the effective capacity of User 2 with statistical QoS provisionings specified by Eq. (3) for User 1 over V-MIMO wireless networks, which is the optimization problem for QoSguaranteed V-MIMO transmission (for User 2).
B. Non-Collaborative V-MIMO Transmission
If there is no collaboration between User 1 and User 2, we can derive the received signal under interference caused by User 2 at the BS, denoted by y, as follows:
Received Newly Added User s Signal
where ν 1 (γ 1 , θ) is defined as the non-collaborative QoSbased channel state information (QCSI) for User 1; ν (γ 1 , γ 2 , θ) is defined as the QCSI for User 2; P 1 (ν 1 ) and P 2 (ν) denote the transmit power of User 1 and User 2, respectively; x 1 and x 2 represent the transmit signals of User 1 and User 2, respectively; ω is circularly symmetric complex Gaussian noise and the variance of ω is denoted by σ 2 . To simplify the analytical modeling, we define the noncollaborative full channel state information (CSI) as γ (γ 1 , γ 2 ). Without collaboration between User 1 and User 2, although User 2 does not need to sense the channel from User 1 to User 2, it needs to confine the cross-interference to the acceptable level for User 1 at the BS. Thus, User 2 needs to have the acknowledge of the non-collaborative full CSI γ, which can be fed back to User 2 from the BS through the feedback channel.
Since there is no collaboration between User 1 and User 2, User 1 still employs the QoS-driven single-user power allocation scheme which is denoted by P 1 (ν 1 ) and given by [33] 
where P ave,1 and P peak,1 are the average and the peak power constraints of User 1, respectively; β = (θT B)/ log 2 is the normalized QoS exponent; γ 0 is the cut-off signal-to-noise ratio (SNR) threshold and can be numerically obtained by plugging Eq. (5) into E γ {P 1 (ν 1 )} = P ave,1 , where E γ {·} represents the expectation over γ. Based on the non-collaborative full CSI γ, the QoS exponent θ, and the QoS-driven power allocation scheme for User 1 P 1 (ν 1 ), we need to find the QoSdriven power allocation scheme for User 2, which is denoted by P 2 (ν).
We use the successive interference cancellation (SIC) [34] to decode the signals of User 1 and User 2. The receiver at the BS decodes the information of two users in two stages. In the first stage, it decodes the data of User 2, treating the signal from User 1 as Gaussian interference. The instantaneous transmission rate of User 2 of one frame, denoted by R 2S (P 1 (ν 1 ), P 2 (ν)), can be derived as
Once the receiver at the BS decodes the data of User 2, it can reconstruct the signal of User 2 and subtract it from the aggregate received signal. Then, the receiver can decode the data of User 1. Practically speaking, it is impossible to achieve error-free decoding for the data of User 2. We denote the probability of incorrectly decoding the signal received from the newly added user (User 2) as P e ∈ [0, 1] [35] . Then, after decoding the signal received from User 2, we can derive the instantaneous transmission rate of User 1 of one frame, denoted by R 1S (P 1 (ν 1 ), P 2 (ν)), as follows:
If P e = 0, Eq. (7) is the User 1's instantaneous transmission rate corresponding to the perfect SIC where decoding of User 1's signal is error-free. If P e = 1, Eq. (7) is the User 1's instantaneous transmission rate without using SIC.
C. Collaborative V-MIMO Transmission C-1. Collaborative Transmission Mode
Under the collaboration mode, we develop a time-slot allocation scheme for users in one V-MIMO group. The timeslot allocation scheme is described as follows. We normalize the duration of one frame into 1 time unit and divide one frame into two stages. In the first stage, User 1, as the relay node, helps User 2 to relay User 2's signal to the BS. We assign μ time duration of one frame to this stage. In the second stage, User 2, as the relay node, helps User 1 to relay User 1's signal to the BS, we assign (1−μ) time duration of one frame to this stage. In this paper, we apply amplify-and-forward (AF) relay protocol [36] for the collaborative V-MIMO transmission. In AF relay protocol, the relay node simply amplifies the received signal and then forwards it to the destination. We define the collaborative channel CSI and the collaborative QCSI as
, respectively, for the mathematical convenience. Since there exists collaboration between User 1 and User 2, both of them can dynamically control their transmit power allocations according to the instantaneous collaborative QCSI.
C-2. Collaborative Half-Duplex Versus Collaborative FullDuplex
During either the μ time duration or the 1−μ time duration, we can employ half-duplex and full-duplex transmission for the relay node. With half-duplex transmission, the relay node receives the data from the source node at the first half frame and forwards it to the destination node (BS) at the second half frame. With the full-duplex transmission, the relay node receives the signal from the source node and forwards the data to the destination node (BS) during the entire frame [23] . Figs. 2(a) and 2(b) illustrate our proposed time-duration allocations for half-duplex and full-duplex collaborative V-MIMO transmissions, respectively.
C-3. Instantaneous Transmission Rate Under Half-Duplex
Using our proposed time-slot allocation scheme with halfduplex AF protocol, we can derive the instantaneous transmission rate of User 2 and User 1 at the BS of one frame, denoted by R 2H (P 1 ( ν), P 2 ( ν)) and R 1H (P 1 ( ν), P 2 ( ν)), respectively, as follows [37] :
and
respectively, where User 1 and User 2 use the instantaneous transmit power 2P 1 ( ν) and 2P 2 ( ν), respectively. For halfduplex transmission, User 1 and User 2 employ 2P 1 ( ν) and 2P 2 ( ν), respectively, to maintain the same average power consumption as that used for full-duplex transmission.
C-4. Instantaneous Transmission Rate Under Full-Duplex
Using our developed time-slot allocation scheme with fullduplex AF protocol, we can derive the instantaneous transmission rate of User 2 and User 1 at the BS of one frame, denoted by R 2F (P 1 ( ν), P 2 ( ν)) and R 1F (P 1 ( ν), P 2 ( ν)), respectively, as follows [23] :
respectively, where User 1 and User 2 use the instantaneous transmit power P 1 ( ν) and P 2 ( ν), respectively; δ is defined as the cancellation coefficient (0 < δ ≤ 1) to characterize the effect of self-interference on full-duplex transmission. The value of cancellation coefficient δ depends on a number of factors, such as system bandwidth, antenna deployment, and transmit power. When δ approaches to 0, it represents the case that the self-interference has large interference on fullduplex transmission. When δ approaches to 1, it represents the scenario that the self-interference causes little interference on full-duplex transmission.
In the following two sections, we design and evaluate the QoS-driven power allocations for non-collaborative and collaborative V-MIMO wireless networks, respectively. In particular, we first formulate optimization problem for our QoS-guaranteed V-MIMO transmissions, and then we develop the QoS-driven transmit power control schemes to maximize the User 2's effective capacity while guaranteeing the effective capacity QoS requirements of User 1.
III. QOS-DRIVEN POWER ALLOCATION SCHEME FOR NON-COLLABORATIVE V-MIMO WIRELESS NETWORKS
We first formulate the optimization problem for QoSguaranteed non-collaborative V-MIMO transmission to maximize the effective capacity of User 2 while guaranteeing the effective capacity of User 1. Then, we develop the QoSdriven power allocation scheme for the QoS-guaranteed noncollaborative V-MIMO transmission.
A. Optimization Problem Formulation for QoS-Guaranteed Non-Collaborative V-MIMO Transmission
From Eqs. (2), (6) , and (7), we can obtain the effective capacity of User 2 and User 1 when using the non-collaborative V-MIMO transmission, denoted by C 2S (P 1 (ν 1 ), P 2 (ν), θ) and C 1S (P 1 (ν 1 ), P 2 (ν), θ), respectively, as (12) and
respectively. For a fixed QoS exponent θ, our goal is to maximize C 2S (P 1 (ν 1 ), P 2 (ν), θ) while guaranteeing the requirement for C 1S (P 1 (ν 1 ), P 2 (ν), θ). Therefore, we can formulate the optimization problem for QoS-guaranteed noncollaborative V-MIMO transmission as follows:
where P ave,2 and P peak,2 denote the average and peak power constraints for User 2, respectively. The constraint 1). given in P1 implies that the effective capacity of User 1 needs to be larger than or equal to the applied traffic load C 1 . The constraints 2). and 3). given in P1 represent that User 2 needs to satisfy the average and peak power constraints, respectively. In order to derive the optimal solution for P1, it is desired that P1 is a convex optimization problem. Therefore, we need to analyze the convexity of P1, which is characterized by Lemma 1 as follows.
Lemma 1: The following function defined in P1:
is strictly convex with respect to P 2 (ν).
Proof: Since P 1 (ν 1 ) is fixed and determined by Eq. (5), analyzing the convexity of G(P 2 (ν)) is equivalent to studying the convexity of function m( ω) = ω φ , where ω is a positive real-valued variable and φ is a negative real-valued number.
We can obtain the first and second derivatives of m( ω) with respect to ω as φ ω φ−1 < 0 and φ(φ − 1) ω φ−2 > 0. Thus, m( ω) is strictly convex with respect to ω. Then, Lemma 1 follows.
On the other hand, it is easy to see that the item E γ {P 2 (ν)} is linear over P 2 (ν). Therefore, according to the convex optimization theory [38] , if C 1S (P 1 (ν 1 ), P 2 (ν), θ) is concave over P 2 (ν), P1 is a convex optimization problem. Also because (− log(α)/θ) is linear with α and E γ ( ) is linear with , analyzing the concavity of C 1S (P 1 (ν 1 ), P 2 (ν), θ) is equivalent to studying the convexity of the following new function defined as
In the following analyses, we omit the symbols (ν 1 ) and (ν) in P 1 (ν 1 ) and P 2 (ν), respectively, for simplicity. To study the convexity of f (P 2 ), we get the first and second derivatives of f (P 2 ) with respective to P 2 , denoted byḟ (P 2 ) andf (P 2 ), respectively, aṡ
.
From Eq. (19), we can see thatḟ (P 2 ) > 0. Thus, f (P 2 ) is a monotonically increasing function. However, settingf (P 2 ) = 0, we can find that there is an inflection point at
When
is not a strictly convex function when P 2 ∈ (−∞, ∞). There are three cases corresponding to three different kinds of inflection points of Convex hull boundary (a) ρ < 0. Convex hull boundary Convex hull boundary f(P 2 )
(c) ρ > P peak,2 . Fig. 3 . Convex hulls corresponding to three different inflection points.
f (P 2 ): ρ < 0, 0 ≤ ρ ≤ P peak,2 , and ρ > P peak,2 , as depicted in Figs. 3(a) , 3(b) , and 3(c), respectively. Due to the differences of convexity/concavity of these three cases corresponding to ρ < 0, 0 ≤ ρ ≤ P peak,2 , and ρ > P peak,2 , respectively, in the following, we discuss these three cases and develop the opportunistic transmission schemes to convert problem P1 to a convex optimization problem, respectively. Case I (ρ < 0): If ρ < 0 holds, f (P 2 ) is concave over P 2 , where P 2 ∈ [0, P peak,2 ]. The convex hull boundary of the 2-dimension point set {(P 2 , f(P 2 ))} can be given by
which corresponds to the straight line in Fig. 3(a) . Then, we need to verify whether any point on the straight line can be achieved. Any point on the straight line can be obtained using the following scheme: Opportunistic transmission scheme I: By assigning the power P 2 = P peak,2 and the power P 2 = 0 with probabilities η and (1 − η) , where 0 ≤ η ≤ 1, any point on the straight line (x, f (x)), where x ∈ [0, P peak,2 ], can be obtained. Using Opportunistic transmission scheme I, f (P 2 ) can be converted to f (P 2 ). Then, the maximum instantaneous transmission rate of User 2 for this case can be derived as follows:
where η = P 2 /P peak,2 is the probability of P 2 = P peak,2 .
Case II (0 ≤ ρ ≤ P peak,2 ): If 0 ≤ ρ ≤ P peak,2 exists, there are two different subcases. First, if the following equation
holds, the convex hull boundary of the 2-dimension point set {(P 2 , f(P 2 ))} and the maximum instantaneous transmission rate of User 2 are the same as Eqs. (22) and (23) . Second, if the following equation
holds, as shown in Fig. 3(b) , we can find a unique real-valued number κ (κ < ρ) so that the line
is tangent to the curve f (P 2 ) at (κ, f (κ)). The pentagram in Fig. 3(b) denotes the inflection point of f (P 2 ). The value of κ can be numerically obtained. The line g(P 2 ) within P 2 ∈ [κ, P peak,2 ] together with the curve f (P 2 ) within P 2 ∈ [0, κ] form the convex hull boundary of the 2-dimension point set {(P 2 , f(P 2 ))}. Any point on the line g(P 2 ) within P 2 ∈ [κ, P peak,2 ] can be obtained using the following scheme: Opportunistic transmission scheme II: By assigning the power P 2 = P peak,2 and the power P 2 = κ with probabilities and (1 − ), where 0 ≤ ≤ 1, any point on the straight line (t, f (t)), where t ∈ (κ, P peak,2 ], can be obtained.
Thus, the convex hull boundary of the 2-dimension point set {(P 2 , f(P 2 ))} for this case can be derived as follows:
Then, the maximum instantaneous transmission rate of User 2 can be obtained as follows:
where G(·) is defined in Eq. (17) . Case III (ρ > P peak,2 ): If ρ > P peak,2 holds, f (P 2 ) is strictly convex when P 2 ∈ [0, P peak,2 ]. The convex hull boundary of the 2-dimension point set {(P 2 , f(P 2 ))} is f (P 2 ) = f (P 2 ), as shown in Fig. 3(c) . The maximum instantaneous transmission rate of User 2 is given by
Having obtained the maximum instantaneous transmission rate R 2S (P 2 ) and the convex hull f (P 2 ) for these three cases, we can convert problem P1 to a new problem P2, which is a strictly convex optimization problem and can be written as follows:
Problem P2 is a strictly convex optimization problem because 1). the objective function given in P2 is strictly convex over P 2 ; 2). E γ { f (P 2 )} is strictly convex over P 2 ; 3). E γ {P 2 } and P 2 are both linear with P 2 . Then, solving problem P2, we can obtain the QoS-driven non-collaborative V-MIMO power allocation for User 2.
B. QoS-Driven Power Allocation Scheme for User 2
For mathematical convenience, we rewrite the constraint 1). given in P2 as follows:
In order to obtain the optimal solution of P2, we first construct the Lagrangian function of P2, denoted by L 1 (P 2 ), as follows:
where λ and μ are both Lagrangian multipliers associated with Eq. (33) and the constraint 2). given in P2, respectively. Then, taking the derivative of J 1 (P 2 ) with respective to P 2 , we can obtainJ
whereJ 1 (P 2 ),˙ R 2S (P 2 ), and˙ f (P 2 ) denote the derivatives of J 1 (P 2 ), R 2S (P 2 ), and f (P 2 ) with respective to P 2 , respectively. Because P2 is a strictly convex optimization problem, we propose the following S-P2 scheme to obtain the optimal solution for P2 (we assume a ≤ P 2 ≤ b):
S-P2 scheme:
1) SettingJ 1 (P 2 ) equal to 0; 2) If we can find a solution z ∈ (a, b) which satisfieṡ J(P 2 )| P2=z = 0, z is the optimal solution to P2; 3) If for ∀P 2 ∈ (a, b),J 1 (P 2 ) < 0 holds, the optimal solution to P2 is b; 4) If for ∀P 2 ∈ (a, b),J 1 (P 2 ) > 0 holds, the optimal solution to P2 is a.
Using S-P2 scheme, in the following, we derive the optimal solutions for P2 corresponding to Case I (ρ < 0), Case II (0 ≤ ρ ≤ P peak,2 ), and Case III (ρ > P peak,2 ), respectively.
For Case I (ρ < 0), because the derivatives of R 2S (P 2 ) and f (P 2 ) given bẏ
are both constant, we can obtain the optimal solution to P2 as follows:
where λ * and μ * are the optimal Lagrangian multipliers associated with Eq. (33) and the constraint 2). given in P2.
For Case II (0 ≤ ρ ≤ P peak,2 ), if Eq. (24) holds, the optimal solution to P2 is same as Eq. (38) . If Eq. (25) and P 2 ≥ κ hold, the optimal solution to P2 is given by
where˙ R 2S (P 2 ) and˙ f (P 2 ) are given bẏ
respectively. If Eq. (25) and P 2 < κ hold, the optimal solution to P2 can be numerically obtained using our proposed S-P2 scheme, where a is equal to 0, b is equal to κ, the derivative of R 2S (P 2 ) is given bẏ
and the derivative of f (P 2 ) is given bẏ
For Case III (ρ > P peak,2 ), the optimal solution to P2 can also be numerically obtained using our proposed S-P2 scheme, where a is equal to 0, b is equal to P peak,2 , the derivative of R 2S (P 2 ) is the same as Eq. (42), and the derivative of f (P 2 ) is given by Eq. (43).
The derivation of λ * and μ * needs to be performed by numerical searching. In particular, to obtain λ * and μ * , we can construct the Lagrangian dual problem of P2, denoted by P2-Dual problem, as follows:
where L 1 (P 2 ) is the Lagrangian dual function defined by
Since P2 is a strictly convex optimization problem, the duality gap between P2 and its dual problem P2-Dual is zero. Thus, according to the convex optimization theory [38] , the optimal Lagrangian multipliers λ * and μ * of P2 are also the optimal solutions of its dual problem P2-Dual. Consequently, we can obtain λ * and μ * by solving the dual problem P2-Dual.
From the convex optimization theory [38] , L 1 (P 2 ) is a concave function over λ and μ, thus we can track the optimal Lagrangian multipliers λ * and μ * using the subgradient method [38] :
where λ and μ are both positive real-valued numbers arbitrarily close to 0; [ y] + represents the maximum value between y and 0.
C. Optimization Problem Formulation for the Three Users Non-Collaborative V-MIMO Transmission With QoSProvisionings
Our proposed scheme for two users non-collaborative V-MIMO transmission presented above can be also extended to more than two users non-collaborative V-MIMO transmission scenario. However, it is usually not desirable to employ too many mobile users in one V-MIMO group because of the following reasons. When the number of grouped V-MIMO users gets too large, the complexity of system design, implementation, modeling, and analysis can increase significantly.
More importantly, the performance gain of V-MIMO can be affected due to the increased interference level caused by the significantly enlarged number of grouped V-MIMO users. Therefore, for practical consideration, instead of extending our two users V-MIMO scheme to the more general M users scenario, in the following we only consider the three users case as one example to show that our scheme can be extended in principle to the more than two users case. For noncollaborative V-MIMO transmission with three users in one V-MIMO group, we need to treat User 1 and User 2 as the existing users while User 3 attempts to join the V-MIMO group. To make the modeling analysis for three users' case tractable, we define the three users non-collaborative CSI and QCSI as Γ = (γ 1 , γ 2 , γ 3b ) and Λ = (γ 1 , γ 2 , γ 3b , θ) , respectively, where γ 3b is the power gain of the channel from User 3 to the BS. Then, we can derive the effective capacity for the newly added user (User 3) and existing users (User 2 and User 1), denoted by
and C 1S3 (P 1 (ν 1 ), P 2 (ν), P 3 (Λ)), respectively, as follows:
(48) where P 3 (Λ) represents the transmit power of User 3, P e3 and P e2 are the probabilities of incorrectly decoding the signal received from the newly added user (User 3) and the existing user (User 2) for three users non-collaborative V-MIMO transmission.
Applying the expression for P 1 (ν 1 ) given by Eq. (5) and the expression for P 2 (ν) derived in Section III-B, we can formulate the optimization problem P1-3 for QoS-guaranteed noncollaborative three users V-MIMO transmission as follows:
where C 2 is the applied traffic load of User 2, P ave,3 and P peak,3 denote the average and peak power constraints for User 3, respectively. Then, we can solve the optimization problem P1-3 to obtain the optimal power allocation solution for the three users case by applying the methods we developed in Section III-A and Section III-B. We omit the detailed and lengthy derivations/procedures for the solution to P1-3 and their performance analyses for lack of space. In general, there is a tradeoff among the V-MIMO performance gain, the system complexity, and the interference level caused by a large number of grouped V-MIMO users.
IV. QOS-DRIVEN POWER ALLOCATION SCHEMES FOR HALF-DUPLEX AND FULL-DUPLEX COLLABORATIVE V-MIMO WIRELESS NETWORKS
In this section, we formulate optimization problems for QoS-guaranteed wireless half-duplex and full-duplex collaborative V-MIMO transmissions, respectively. Both of these two problems are strictly convex optimization problems. Then, we develop the QoS-driven power allocation schemes for QoSguaranteed wireless half-duplex and full-duplex collaborative V-MIMO transmissions, respectively.
A. Optimization Problem Formulation for QoS-Guaranteed Wireless Half-Duplex Collaborative V-MIMO Transmission
From Eqs. (2), (8), and (9), we can obtain the effective capacity of User 2 and User 1 when employing the half-duplex collaborative V-MIMO transmission, denoted by C 2H (P 1 ( ν), P 2 ( ν), θ) and C 1H (P 1 ( ν), P 2 ( ν), θ) , respectively, as
respectively, where we define the normalized QoS exponent for User 1 and User 2 with wireless half-duplex collaborative V-MIMO transmission as β 1 = [(1−μ)β]/2 and β 2 = (μβ/2), respectively.
Then, we can formulate the optimization problem for QoSguaranteed half-duplex collaborative V-MIMO transmission as follows:
P3:
max
The constraint 1). given in P3 denotes that the effective capacity of User 1 needs to be larger than or equal to the applied traffic load C 1 . The constraint 2). given in P3 denotes that the users in one group need to satisfy the average power constraint. For collaborative V-MIMO transmission, we assume that the average power constraint for the grouped V-MIMO users is (P ave,1 + P ave,2 ) to maintain the same average power constraint as that employed for non-collaborative V-MIMO transmission. The constraints 3). and 4). given in P3 represent that User 1 and User 2 need to satisfy their individual corresponding peak power constraints, respectively. In the following analyses, we omit the symbol ( ν) in P 1 ( ν) and P 2 ( ν), for simplicity. Lemma 2: Problem P3 is a strictly convex optimization problem.
Proof: The proof is standard and we omit it due to lack of space.
B. QoS-Driven Power Allocation Scheme for User 1 and User 2 With Wireless Half-Duplex Collaboration
We construct the Lagrangian function of P3, denoted by L 2 (P 1 , P 2 ), as follows:
where
(60) and
The Lagrangian multipliers λ and μ are associated with the constraints 1). and 2). given in P3, respectively. Then, to derive the optimal solutions to P3, we propose the S-P3 scheme as follows:
S-P3 scheme ( and σ are both small positive real-valued numbers arbitrarily close to 0; The parameters λ * and μ * are the optimal Lagrangian multipliers associated with the constraints 1). and 2). given in P3; The function Φ(
is the optimal power allocation for User 1 when the power allocation for User 2 is fixed to P 2 ; 4) Else if (Φ(P 1 , P 2 ) < 0, ∀ P 1 ∈ [0, P peak,1 ]) z 1 (P 2 ) = P peak,1 is the optimal power allocation for User 1 when the power allocation for User 2 is fixed to
z 1 (P 2 ) = 0 is the optimal power allocation for User 1 when the power allocation for User 2 is fixed to P 2 ; 6) P 2 = P 2 + ; 7) End if 8) End while
the optimal solutions to P3 is determined by ( P opt,1 = z 1 ( P opt,2 ), P opt,2 = P peak,2 );
the optimal solutions to P3 is determined by ( P opt,1 = z 1 ( P opt,2 ), P opt,2 = 0).
12) End if
Since problem P3 is a strictly convex optimization problem, the optimal Lagrangian multiplier λ * and μ * are also the optimal solutions of P3's dual problem P3-Dual, which is formulated as follows:
where L 2 (P 1 , P 2 ) is the Lagrangian dual function defined by
Using the convex optimization theory, the dual problem P3-Dual is a convex optimization problem [38] . We can obtain the optimal values of λ * and μ * using subgradient method
where λ and μ are both positive real-valued numbers arbitrarily close to 0.
C. QoS-Guaranteed Wireless Full-Duplex Collaborative V-MIMO Transmission
Comparing Eqs. (8) and (9) with Eqs. (10) and (11), we can find that R 2F (P 1 ( ν), P 2 ( ν)) and R 1F (P 1 ( ν), P 2 ( ν)) are similar as R 2H (P 1 ( ν), P 2 ( ν)) and R 1H (P 1 ( ν), P 2 ( ν)), respectively, except some constant coefficients. Thus, we can similarly formulate the optimization problem for QoSguaranteed wireless full-duplex collaborative V-MIMO transmission as problem P3. Then, we can solve this problem using the way similar to Section IV-B. Due to lack of space, we omit the derivation and the analytical results of the QoSdriven power allocation for V-MIMO with wireless full-duplex collaboration. But, we give the simulation results for wireless full-duplex collaborative V-MIMO in Section V.
D. Optimization Problem Formulation for the Three Users Collaborative V-MIMO Transmission With QoS-Provisionings
We can also extend our proposed scheme for two users QoSguaranteed collaborative V-MIMO transmission presented above to more than two users QoS-guaranteed collaborative V-MIMO transmission. However, due to the similar complexity and interference problems discussed in Section III-C, it is usually undesirable to extend our two users V-MIMO to the more general M users scenario from the practical viewpoint. Therefore, we only consider the half-duplex collaborative V-MIMO transmission with three users in one V-MIMO group as one example to show that our two users scheme can be extended in principle to more than two users case in the following. We normalize the duration of one frame into 1 time unit and divide one frame into three stages:
, and (1 − μ 1 − μ 2 ). In the first stage, User 1 and User 2 help User 3 to relay User 3's signal to the BS. In the second stage, User 1 and User 3 help User 2 to relay User 2's signal to the BS. In the third stage, User 2 and User 3 help User 1 to relay User 1's signal to the BS. To simplify the analytical modeling for three users' case, we define the three users collaborative channel CSI and the collaborative QCSI as Γ (γ 1 , γ 2 , γ 3b , γ 3 , γ 13 , γ 23 ) and Λ (γ 1 , γ 2 , γ 3b , γ 3 , γ 13 , γ 23 , θ) , respectively, where γ 13 is the power gain of the channel between User 1 and User 3, and γ 23 is the power gain of the channel between User 2 and User 3. Thus, we can derive the effective capacity for User 1, User 2, and User 3, denoted by
, respectively, as shown in Eq. (66), where P 1 ( Λ), P 2 ( Λ), and P 3 ( Λ) denote the transmit power of User 1, User 2, and User 3, respectively.
Then, we can formulate the optimization problem for QoSguaranteed half-duplex collaborative three users V-MIMO transmission as follows:
≤ (P ave,1 + P ave,2 + P ave,3 ) ; (69)
Then, we can solve the optimization problem P3-3 to obtain the optimal power allocation solution for the three users half-duplex case by applying the methods proposed in Section IV-A and Section IV-B. We omit the detailed and lengthy derivations/procedures for the solution and their performance analyses to P3-3 for lack of space. Also, we can develop the scheme and derive the observations for QoS-driven fullduplex collaborative power allocation with three users in the similar way for the QoS-driven half-duplex collaborative power allocation with three users.
V. SIMULATION EVALUATIONS
We conduct simulation experiments to evaluate the performance of our proposed optimal power allocation schemes for
QoS-guaranteed V-MIMO wireless networks. Throughout our simulations, we set the time frame length as T = 2 ms, the signal bandwidth as B = 100 KHz, the required User 1's traffic load as C 1 = 100 Kbits/s, and the noise variance as σ 2 = 1. All the channels' amplitudes follow independent Rayleigh distribution and the average SNR of each channel is equal to 10 dB. We set the average and peak power constraints for User 1 and User 2 as P ave,1 = P ave,2 = 1 W and P peak,1 = P peak,2 = 1.2 W. Without loss of generality, for non-collaborative V-MIMO wireless networks, we set P e = 0.1. Figure 4 evaluates the QoS-driven single-user power allocation for the existing user (User 1). As shown in Fig. 4 , without collaboration between the existing user (User 1) and the newly added user (User 2), the existing user employs the despicking water-filling scheme when the delay-QoS is very loose and the despicking channel inversion scheme when the delay-QoS is very stringent [33] . The despicking waterfilling scheme limits the instantaneous transmit power to the peak power constraint in the high SNR region, which is different from the traditional water-filling scheme where the peak power constraint is ignored. The despicking channel inversion scheme limits the instantaneous transmit power to the peak power constraint in the low SNR region, which is different from the traditional channel inversion scheme where the peak power constraint is ignored.
When User 1 employs the QoS-driven single-user power allocation, we can derive the QoS-driven non-collaborative power allocation for User 2 under various delay-QoS constraints. As two typical examples for the QoS-driven noncollaborative power allocation, Figs. 5 and 6 depict the QoSdriven non-collaborative power allocations for User 2 when the delay-QoS requirement is very loose (θ → 0) and very stringent (θ → ∞), respectively. From Fig. 5 , we can see that when γ 1 is very small (γ 1 → −20 dB) and γ 2 is very large (γ 2 → 20 dB), it is not advisable to use V-MIMO transmission (P 2 = 0) because in this case User 2 will cause a large interference on User 1. When γ 1 is very large (γ 1 → 20 dB), the interference from User 2 to User 1 is relatively small. Thus, it is advisable to use V-MIMO transmission with the largest available instantaneous transmit power P 2 = P peak,2 . From  Fig. 6 , we can observe that the transmit power of User 2 is almost allocated to the region where γ 1 is around −5 dB, which can be interpreted from Fig. 4 . In Fig. 4 , for very stringent delay-QoS requirement (θ → ∞), the transmit power of User 1 P 1 starts to decrease from P peak,1 when γ 1 is about 5 dB. Since P 1 decreases as γ 1 increases from γ 1 = −5 dB, the interference caused by User 2 to User 1 is relatively large when γ 1 is relatively large (γ 1 is more larger than -5 dB). Therefore, it is not advisable to use V-MIMO transmission when γ 1 is relatively large. For very stringent delay-QoS requirement, it is advisable to use V-MIMO transmission when γ 1 is around −5 dB. Figure 7 compares the effective capacity of using our proposed QoS-driven non-collaborative V-MIMO power allocation scheme, the despicking water-filling scheme (without QoS provisionings), and the QoS-driven single-user power allocation scheme under various delay-QoS requirements. The required effective capacity of User 1 is also plotted. As illustrated in Fig. 7 , all our proposed QoS-driven noncollaborative V-MIMO power allocation scheme, the despicking water-filling scheme (without QoS provisionings), and the QoS-driven single-user power allocation scheme can achieve larger effective capacity than the required effective capacity of User 1. Our proposed QoS-driven non-collaborative V-MIMO power allocation scheme can achieve the largest effective capacity as compared with the other schemes under various delay-QoS requirements. The despicking water-filling scheme (without QoS provisionings) can obtain the same effective capacity as compared with our proposed QoS-driven noncollaborative V-MIMO power allocation scheme when the delay-QoS requirement is very loose (θ → 0). This is because our proposed QoS-driven non-collaborative V-MIMO power allocation scheme turns to the despicking water-filling scheme when delay-QoS requirement is very loose (θ → 0). We can also find that our proposed QoS-driven non-collaborative V-MIMO power allocation scheme and the despicking waterfilling scheme achieve the same effective capacity when the delay-QoS requirement is very stringent (θ → ∞). This is because when the delay-QoS requirement is very stringent, the interference caused by User 2 to User 1 is relatively large. Thus, it is advisable to use single-user transmission. Figure 8 plots four curves corresponding to the effective capacity of using our proposed QoS-driven non-collaborative, QoS-driven half-duplex collaborative, QoS-driven full-duplex collaborative V-MIMO power allocation schemes with small self-interference ( δ = 0.95), and the similar case with large self-interference ( δ = 0.05), respectively, where we set μ = 0.5. In the legend of Fig. 8 , the symbol SI denotes the selfinterference. As illustrated in Fig. 8 , the collaboration among the grouped users can increase the effective capacity of V-MIMO transmission as compared with the non-collaborative V-MIMO transmission under various delay-QoS requirements. From Figs. 7 and 8, we can find that the QoS-driven halfduplex and full-duplex collaborative V-MIMO power allocation schemes can supremely increase the effective capacity of V-MIMO transmission when the delay-QoS is very loose and very stringent. Also, due to the advantage of full-duplex collaboration, if the self-interference is relatively small ( δ → 1), the QoS-driven full-duplex collaborative power allocation scheme can achieve larger effective capacity than that of the QoS-driven half-duplex collaborative power allocation scheme. However, when the self-interference is relatively large ( δ → 0), the effective capacity of the QoS-driven full-duplex collaborative V-MIMO power allocation scheme may be lower than that of the QoS-driven non-collaborative V-MIMO power allocation scheme. This is because the relay hardly transmit any data from the source to the destination when the selfinterference is relatively large. We can also observe that the QoS-driven full-duplex collaborative power allocation scheme cannot double the effective capacity as compared with that of the QoS-driven half-duplex collaborative power allocation scheme. This is because the inevitable residual selfinterference will decrease the achieved effective capacity when we use the full-duplex transmission for V-MIMO wireless networks.
VI. CONCLUSIONS
We developed the optimal power allocation schemes with statistical QoS provisionings over noncollaborative/collaborative V-MIMO wireless networks. For non-collaborative V-MIMO wireless networks, the existing users are fixed to use the QoS-driven single-user power allocation because they have no information about the newly added users. Taking into account this assumption, we proposed the QoS-driven power allocation for the newly added users to maximize the effective capacity of newly added users while guaranteeing the effective capacity of existing users. For collaborative V-MIMO wireless networks, In s ta n ta n e o u s S N R γ 2 (d B ) I n s t a n t a n e o u s S N R γ Fig. 7 . Comparison of the effective capacity using our proposed QoS-driven non-collaborative V-MIMO power allocation scheme, the despicking waterfilling V-MIMO scheme (without QoS provisionings), and the QoS-driven single-user power allocation scheme under various delay-QoS requirements. Fig. 8 . The effective capacity of using our proposed QoS-driven noncollaborative, QoS-driven half-duplex collaborative, and QoS-driven fullduplex collaborative V-MIMO power allocation schemes.
the existing and the newly added users can cooperate with each other. Thus, we proposed the QoS-driven power allocation for both the existing users and the newly added users with wireless half-duplex and full-duplex collaboration to maximize the effective capacity of newly added users while guaranteeing the effective capacity of existing users. Simulation results show that under various QoS requirements, our QoS-driven non-collaborative and collaborative V-MIMO power allocation schemes can achieve larger effective capacity than the effective capacity without considering QoS requirements. If collaboration can be implemented among the grouped users, the effective capacity of V-MIMO wireless networks can be further increased. The wireless full-duplex transmission can increase the effective capacity of V-MIMO wireless networks as compared with the wireless half-duplex transmission.
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